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Introduction
In the last years, the possibility to develop electrochemical devices based on the use of graphene nanosheets has attracted much attention. Graphene, a single layer of sp 2 carbon atoms with a high electron mobility (2.0 x 10 5 cm 2 V -1 s -1 ) [1] due to its -conjugated two-dimensional structure, has been the object of intensive research.
Graphene has been described as structurally malleable, its electronic, optical and phonon properties making it an interesting material for applications such as solar cells [2] , displays [3] and optoelectronic devices [4] . Graphene is also a zero-gap semiconductor. Oxidation of graphene, and the consequent formation of covalent C-O bonds, creates a band gap whose width can be tuned by varying the degree of oxidation.
Graphene oxide (GO) is a p-type semiconductor, but it can be converted to an n-type semiconductor by replacing some of the oxygen functionalities by nitrogen-containing groups. This allows GO to be used either as an n-or as a p-type [5] material in photovoltaic systems [6] .
From an electrochemical point of view, interesting properties of graphene are its wide potential window (i.e., its electrochemical inertness), its fast charge transfer, and its electrocatalytic activity [7] . These characteristics make of graphene the most widely investigated material for applications in electrochemical devices, such as photoelectrochemical solar cells [8] , supercapacitors [9] , fuel cells [10] , anode for pollutants degradation [11] , and electrochemical sensors [12] and biosensensors [13] .
Graphene can be produced using physical or chemical methods. The most common physical method is graphite exfoliation, including micromechanical [14] , sonication [15] , microwave [16] and thermal exfoliation [17] . Chemical synthesis includes epitaxial growth using chemical vapor deposition (CVD) over different surfaces [18] , as well as the production of exfoliated graphene oxide (GO) in mineral acids using oxidizing agents, as in the Hummers method [19] . However, GO produced by the latter method shows a low conductivity and, consequently, a poor performance as an electrode [20] . This fact is attributed to the existence of a high concentration of oxygenated groups in the basal plane of GO sheets, leading to the formation of electron traps which decrease the charge transfer rate [21] . In order to obtain optimal electrochemical properties, it is necessary to remove these oxygen-containing groups, i.e, to reduce GO to a reduced graphene oxide (RGO) form. RGO can be produced thermally [22] , or by 4 chemical reduction using urea [23] , ionic liquid electrolyte [24] , sodium borohydrate
[25], or hydrazine [26] . An electrochemical reduction procedure has also been proposed, and it has been shown that it results in a more efficient and greener elimination of the unstable oxygenated groups from the GO surface [27] , as compared with chemical reduction [28] . When so prepared, the material receives the name of electrochemically reduced graphene oxide (ERGO).
Although electrochemical reduction has been extensively used in the production of ERGO, there are few reports describing a systematic study of the effect of time and potential on the resulting material. In some instances, it has been reported that the removal of oxygenated groups, which leads to an improvement of the electronic properties of GO, is associated to changes in the morphology as a consequence of the reduction process. For example, very recently, den Boer et al. [29] reported a systematic STM study of the reduction of GO, in which it was revealed that the removal of oxygenated functional groups leads to a decrease in the apparent roughness (RMS).
Recently, Casero et al. [30] have reported a method to differentiate between GO, RGO, and ERGO, using electrochemical impedance spectroscopy (EIS).
Here we report a systematic study of the changes of the ERGO surface morphology as a consequence of the electrochemical reduction procedure, and correlate those changes with its electrical characteristics. The changes in the apparent roughness of a single GO flake after reduction at the optimal potential and time of -0.8 V and 30 minutes, respectively, were analyzed using ex-situ FEG-SEM, in-situ Raman scattering, and in situ AFM. It was found that an increase of the roughness, as well as of the ratio between the D and G bands of graphene, accompany the changes in the capacitance and charge transfer resistance of ERGO, as measured with EIS and confirmed using cyclic voltammetry (CV).
Experimental

Chemicals and solutions
All chemicals were of analytical grade and were used without further purification. 
Synthesis of graphene oxide
Graphene oxide (GO) was prepared from graphite through a modified Hummers method [19] . A mixture of graphite powder (10.0 g) and sodium nitrate (10.0 g) was attacked with 400. water were added to the mixture, which was kept afterwards in a refrigerator at 4 ºC for 24 hours. The light brown supernatant was collected and the graphene oxide was separated by centrifugation at 10000 rpm, and dried by lyophilization during 24 hours.
Electrode preparation
The working electrodes were prepared by depositing GO on a glassy carbon (GC) substrate (disks 3 mm in diameter for the electrochemical measurements and 10 mm in diameter for the in-situ AFM and Raman experiments). Prior to modification, the GC electrode surface was polished with 0.05 µm alumina slurry, rinsed thoroughly with ultrapure water, sonicated 3 minutes in acetone and 3 minutes in water, and dried in air.
Meanwhile, 2.0 mg of GO were dispersed in 1.0 mL of ethanol using ultrasonic stirring for 20 min. Aliquots of either 15 µL (3 mm diameter disk) or 50.0 µL (10 mm diameter disks) of this dispersion were placed as a droplet on the GC surface, and the solvent was then allowed to evaporate at room temperature.
Electrochemical reduction
The electrochemical reduction of GO was performed potentiostatically. The freshly prepared GC electrode modified with the GO film was polarized at -0.8 V vs. Ag/AgCl (3 M KCl) for different times. The resulting ERGO was characterized after these reduction steps. For electrochemical characterization, the electrode was removed from the cell, rinsed with Milli-Q water and inserted in a different electrochemical cell containing the redox couple. In the case of the in-situ AFM and Raman experiments, the reduction and the characterization steps were performed in the same cell and using the same solution (phosphate buffer, pH7).
Apparatus and procedure
CV experiments were performed using an Autolab potentiostat, Model PGSTAT302
(Eco Chemie, Utrecht, Netherlands), coupled to a personal computer and controlled with NOVA software. A GC disk modified with a GO film was used as the working electrode, a Ag/AgCl (3 M KCl) electrode, to which all the potentials in the text are referred, was used as reference, and a Pt plate was used as the auxiliary electrode. In situ EC-AFM images were obtained using an Agilent AFM series 5500 (Agilent Technologies). Imaging was carried out in the acoustic AC mode (AAC mode) using a silicon cantilever and Si tip (NanoSensors, Neuchatel, Switzerland) with a typical spring constant of C= 21 N/m and a typical resonance frequency between 146 and -236 kHz.
The in situ AFM studies were carried out in an electrochemical cell in which the AFM scanner was inserted from above. The AFM liquid cell (Supplementary information S1)
was made from Kelf-F and has a circular hole 20 mm in diameter at its center, in which the disk-shaped sample surface is kept in place with the help two screws and retaining clips. A viton O-ring was used to avoid leaks. The measurements were carried out with a three-electrode setup. The working electrode was the disk placed at the bottom of the cell, and the reference electrode was a silver wire 0.25 mm in diameter immersed in the electrolyte. The counter electrode was a Pt wire 0.25 mm in diameter. The electrode potential was controlled using an Autolab potentiostat (model PGSTAT302, Eco Chemie, Utrecht, Netherlands) coupled to a personal computer and controlled with NOVA software.
In situ Raman spectra were performed using the same electrochemical cell described above and used in the AFM experiments. The spectra were collected after different times of GO electrochemical reduction, using a fixed sample support in order to be sure that a single point of the graphene was analyzed. A Horiba/Join Yvon Labran dispersive Raman spectrometer equipped with an Olympus BX41 microscope was used. The measurements were performed with excitation at 540 nm and using a 10x magnification lens. The spectra were collected at Raman shifts between 1100 and 1850 cm -1 with 10 second and 10 cycles of exposure.
The ex-situ microscopies of the GO and ERGO were examined using Field-Emission Gun
Scanning Electron Microscopy (FEG-SEM) recorded with a FEG-Zeiss model Supra 35
VP (Zeiss, Germany). The high-resolution transmission electron microscope images were recorded using a ZEISS EM912 Omega e STEM, Germany).
Results and discussion
Comparison of ex-situ FEG-SEM images of a GO sample recorded before (Fig. 1A) and after (Fig. 1B) the reduction process at -0.8 V in phosphate buffer solution (PBS, pH 7.0) during 30 min reveals a severe change in the morphology of GO. In the highresolution TEM image of the GO (Fig. 1C) it was observed that the GO surface was completely flat. However, in the TEM images of the ERGO (Fig. 1D) , it was clear to observe the presence of dark regions with high contrast, showing that the surface became roughness. Electrochemical reduction induces a considerable roughening, wrinkling and folding of GO. The purpose of the following characterization is to understand the nature and consequences of these changes.
Raman scattering has been successfully applied to carbon materials as an efficient characterization method, including the identification of single layer features and edge orientation in graphene, strain evaluation, determination of doping concentration, as well as probing of electron-phononinteractions [31, 32] . In the present case, we used
Raman spectroscopy focused on a specific area of the sample, which allowed us to monitor the amount of disorder caused by the electrochemical reduction. The use of Raman microscopy is necessary because different areas of a graphene sample with different defect densities or different types of defects could show different G-peak 8 frequencies and FWHM, as well as different I D /I G ratios, as observed by Cançado et al. [33] . Fig. 2A shows a sequence of in-situ Raman spectra collected from a 100 m 2 area during the electrochemical reduction of graphene oxide at -0.8 V. The typical G and D bands at ca. 1580 and 1350 cm -1 , respectively, are clearly observed. As expected, initially the G-band is more intense that the D-band, since the former, related to E 2g optical phonons of the plane bond-tangential stretching motion of pairs of sp 2 C-atoms [34] , is the primary mode in graphene [35] , while the latter corresponds to the breathing mode of 6 sp 2 carbon rings, and requires defects (bond-angle disorder, bond-length disorder, or an heteroatom-induced change in hybridization) to be activated. The D band is typically very weak in graphite and graphene because of their crystal symmetries [36] .
The large intensity of the D-band in the spectra in Fig. 2A indicates that there are many defects in the material. Furthermore, upon electrochemical reduction the intensity of the D-band increases considerably, while that of the G-band decreases, but only slightly.
This provokes an inversion of the relative band intensity, which was observed to be a an initial value of 0.67. The increase is approximately linear at short times, and levels off to 1.5 after 30 min of reduction, remaining roughly constant at longer reduction times. As described in the literature [37] , the I D /I G ratio is related to an increase in the disorder present in the material. In GO, sp 3 carbon atoms occur bonded to oxygencontaining functional groups, such as hydroxyl, carboxyl and epoxide. As reduction proceeds, these bonds are broken and the oxygenated species is most likely removed from the surface. In GO form, the number of basal-plane graphitic regions is higher than the edge-plane ones. The increase in the I D /I G ratio could be related to different kinds of lattice defects whose concentration increases as the reduction proceeds [38] . The increase in the I D /I G ratio suggests that the main effect caused by electrochemical reduction is an increase in the number edge plane-like defects in the graphene sheet.
These lattice defects are expected to have a direct influence in the electron mobility of the sample, because the resulting ribbons act as optical waveguides or quantum dots, allowing electrons to flow smoothly along the ribbon edges [39] . Hallam et al. [40] have
shown that the electron transfer rate of the edge plane is faster than that of the basal plane. Consequently, interfacial electron transfer will be more effective in the presence 9 of a large amount of edge plane-like defects, and this quantity will dictate the overall electrochemical properties of ERGO [41] .
The electrochemical effect of the reduction process on the GO sample was evaluated using electrochemical impedance spectroscopy (EIS (Fig. 3A-inset) , which has been proposed in the literature to describe the electrochemical behavior of graphene [42, 43] , although we found it necessary to replace the ideal double layer capacitance by a constant phase element CPE dl , whose impedance is:
Eq. 1 with , w=2πf, and T a frequency-independent proportionality constant whose physical meaning is determined by the value of the exponential factor,  [44] . The exponent parameter  is usually smaller than 1, and the mean capacity of the double layer may be estimated according to the Brug formula [45] :
Where R s and R ct are the solution resistance and the resistance of charge transfer, respectively.
The values of R ct , C dl and  that result from fitting the experimental EIS data to the equivalent circuit are shown in Fig. 3B , an reflect the effect of the reduction time on the structural and electronic properties of ERGO. It is evident from Figure 3B that the R ct of
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ERGO is reduced to 29 % of the original value for GO after 30 min of reduction at -0.8 V.
Previous studies have reported that GO is an insulating material due to its disrupted sp 2 structure [46, 47] , which leads to a severe decrease in the charge carrier mobility. The decrease in R ct associated to the reduction of GO observed herein can be related to the increase in the conductivity of ERGO due to the removal of oxygen and the partial restoration of graphene's sp 2 structure, as has been observed using XPS [48, 49] . by about 50%, when the profiles for GO and those for ERGO after 60 minutes of reduction are compared.
We also determined the apparent RMS roughness (R q ) of the pristine GO and of ERGO produced after reduction steps of different duration (Fig. 6B) . A typical value of the R q for GO of 0.26 nm was found. R q increases sharply with increasing time at short reduction times, but levels off at a roughly constant value of 0.72 nm after 30 minutes of reduction. Comparison with EIS measurements allows us to provide a link between the structural and electronic changes observed upon formation of ERGO. Interestingly, a linear plot is obtained when R q is plotted versus α values, as obtained from the EIS experiments described above (Fig. 6C) . The non-ideality (i.e., a value of α < 1) in the behavior of C dl , as obtained from the impedance spectra, can be related with high values of the surface roughness factor [44] . In the present case, the ERGO surface is composed by small cracked flakes, which lead to high roughness values. Bidoia et al. [51] have proposed a direct correlation between the value of α and the surface roughness, a correlation which is clearly observed in Fig. 6C . This is, in our opinion, the first solid evidence that both the wrinkling of the graphene flakes and the higher electrochemical activity of ERGO, as compared with GO, have a common origin, namely, the creation during the reduction process of edge plane-like defects in the graphene sheet, as evidenced by Raman scattering (see above).
The clear increase of the surface roughness of ERGO with increasing reduction time reported here is in contradiction with the recent report by dem Boer et al. [29] , in which the local deoxygenation of GO via chemical reduction was reported to induce a decrease in the apparent roughness. However, we must emphasize that our AFM and Raman data (which indicate that electrochemical reduction leads to an increase of the number of defects and results in a pseudo strain component) are consistent with each other in suggesting that the GO surface becomes less planar after electrochemical reduction. The almost 3-fold increase of the R q after the electrochemical reduction step is consistent with a previous report by Bagri et al. [52] , according to which the deoxygenation of GO 12 causes a strain on the C-O bond, and the removal of the functional groups results in the rupture of the C-O bond, forming holes, defects, as well as five and seven member rings, within the graphene structure. The so generated strain provokes the graphene surface to bend and wrinkle.
Conclusions
In conclusion, electrochemical reduction provoked a clear wrinkling and folding of the GO surface, as revealed using ex-situ FEG-SEM and in-situ AFM. These topographical modifications occurred concomitantly with important changes in the electronic and electrochemical properties of ERGO, as revealed by EIS and CV, which were shown to be due to an increase in the electronic mobility and in the electrochemically active surface area. In-situ Raman scattering revealed that these changes are associated to an increase in the I D /I G ratio, which we have attributed to an increase in the number of edge plane-like defects in the graphene sheets due to the rupture of bonds between carbon atoms and oxygen-containing functionalities, and the subsequent removal of oxygenated species from the surface, during the reduction process. The creation of these defects must be the common origin of the observed topographical modifications and increased electronic mobility. Figure 3A to the equivalent electrical circuit in the corresponding inset. 
